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[1] A semidiurnal internal tide and trains of near‐bed nonlinear internal waves were
observed on the southeastern bank of the Faroe‐Shetland Channel. The depth‐integrated
M2 internal tide energy flux was 140 W m−1 up‐slope and 154 W m−1 along‐slope to the
southwest. The majority of the energy flux was contained within the main pycnocline,
where the slope was supercritical. A numerical model of the M2 tide successfully
reproduces the observed maxima in the pycnocline but overestimates depth‐integrated
baroclinic energy fluxes by 15%–45%. The model results suggest that the internal tide
in the channel is generated at multiple sites, including the northwestern bank and the
Wyville Thomson Ridge. On the northern flank of the ridge, modeled energy fluxes are
over an order of magnitude larger than in the channel, >5 kW m−1. The turbulent kinetic
energy dissipation rate inferred from the observed internal tide energy flux, by assuming
that all the energy in the pycnocline was dissipated on the slope, was 1.3 × 10−7 W kg−1,
a factor of 4 larger than that inferred from Thorpe scale analysis (3 × 10−8 W kg−1).
This suggests that the high level of mixing on the slope can be accounted for by the
internal tide, even if the majority of the energy was reflected. The nonlinear internal wave
energy flux was up‐slope and intermittent; peak energy fluxes reached 200 W m−1

but were typically of order 10 W m−1. The wave trains were likely tidally forced
and may have been a nonlinear manifestation of the internal tide.
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1. Introduction

[2] Internal tides and internal waves are an important
mechanism for the transfer of energy in the ocean and may
sustain high levels of mixing on continental shelf slopes [Nash
et al., 2004, 2007] and at shelf breaks [Pingree et al., 1986;
New and Pingree, 1990]. Enhancedmixing from internal wave
breaking on the shelf slopes that bound the Faroe‐Shetland
Channel (FSC) is of potential importance given the channels
role in the exchange of water masses between the Nordic Seas
and theNorthAtlantic [Mauritzen et al., 2005;Hosegood et al.,
2005].
[3] The FSC is located north of Scotland and separates the

Shetland and Faroe shelves. To the northeast, the channel is
open to the Norwegian Sea, while the southwestern end is
partially closed by theWyville Thomson Ridge and connected
to the Iceland Basin by the Faroe Bank Channel (Figure 1a).
The FSC and Faroe Bank Channel together form one of two

main passageways through which deep water formed in the
Nordic Seas overflows the Greenland‐Scotland Ridge into the
North Atlantic [Dickson and Brown, 1994; Hansen and
Østerhus, 2000], the other being the Denmark Strait.
[4] In the FSC near the surface, North Atlantic Water

flows northeast, along the edge of the Shetland shelf, into the
Norwegian Sea [Turrell et al., 1999]. Below the main pycno-
cline, Norwegian Sea Deep Water flows southwest, along the
axis of the channel, then through the Faroe Bank Channel into
the Iceland Basin [Saunders, 1990; Borenäs and Lundberg,
2004]. As the deep water overflows the Faroe Bank Channel
sill, it mixes with overlying water masses to form North
Atlantic Deep Water. Intermittently, Norwegian Sea Deep
Water overflows the Wyville Thomson Ridge into the Rockall
Trough [Sherwin et al., 2008].
[5] Turbulent mixing in the FSC may modify the �‐S

properties of the exchanging water masses, potentially affect-
ing large‐scale ocean circulation through the composition of
North Atlantic Deep Water. Below from the surface mixed
layer, mixing in the channel is likely to be dominated internal
wave interactions, specifically those of tidal frequencies
(internal tides). Mixing may be enhanced on the shelf slopes
that bound the channel by critical reflection of internal waves
from the sloping topography.
[6] When internal waves approach a slope from deepwater,

the onshore/offshore direction of propagation after reflection
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is determined by the ratio of the topographic slope to the
internal wave characteristic slope,

� ¼ stopog
swave

¼ @H=@x

!2 � f 2ð Þ= N2 � !2ð Þ½ �1=2
; ð1Þ

where H is the total depth, x is across‐slope distance, w is the
angular frequency of the wave, f is the inertial frequency, and
N is the buoyancy frequency. If a < 1 (subcritical) the waves
will continue to shoal after reflection. If a > 1 (supercritical)
reflected waves will propagate back into deeper water. For
downward propagating internal wave characteristics approach-
ing a slope from offshore, energy density increases upon
reflection because the separation between adjacent char-
acteristics narrows, concentrating the energy into a smaller
area. Ifa = 1 (critical) linear theory breaks down and energy is
trapped at the boundary, leading to nonlinear effects and
potentially wave breaking.
[7] Along the southeastern bank of the FSC, the main pyc-

nocline meets the West Shetland slope and permanent strati-
fication is maintained close to the seabed. Near‐bottom
buoyancy frequency is high enough (N2 > 10−5 s−2) for
supercritical reflection of semidiurnal internal tides to occur,

despite the topographic slope being gentle (0.02). Above and
below the pycnocline, the slope is subcritical to semidiurnal
internal tides. Mixing is likely enhanced in the bands of near‐
critical slope between the subcritical and supercritical areas. As
the vertical separation between adjacent internal wave char-
acteristics decreases with increasing buoyancy frequency,
internal wave energy may become concentrated in the pyc-
nocline and potentially be an important source of energy for
mixing where the pycnocline meets the slope.
[8] Sherwin [1991] observed a 37 m amplitudeM2 internal

tide in the main pycnocline at the southwestern end of the
FSC, near the Wyville Thomson Ridge, and estimated the
energy flux to be 4.7 kWm−1. Assuming the internal tide was
generated at the ridge, and using the analytical model of
Baines [1982], Sherwin [1991] predicted the energy flux on
the northern flank to be 1.4–3.2 kW m−1. It was speculated
that the internal tide propagates along the channel, becoming
nonlinear at the boundaries, and that the energy is either
dissipated bymixing on the shelf slopes, or leaks upward onto
the Shetland and Faroe shelves. More recently, Gerkema
[2002] used a numerical internal tide generation model to
simulate the baroclinic spring‐neap cycle in the FSC and

Figure 1. (a) Bathymetry of the Faroe‐Shetland Channel and the locations of the across‐channel section
(black line), mooing array (black square), and CTD casts used for the model stratification (white cross).
The contour interval is 100 m. Enlargement shows the locations of the individual moorings in the array
and the repeat station. The arrow is the direction of nonlinear internal wave propagation. (b) N2 and con-
tours of s� along the across‐channel section shown in Figure 1a, with the locations of the moorings and
repeat station. Also shown is the direction of NAW/NSDW exchange flow.
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identified a phase shift with respect to the barotropic spring‐
neap cycle. Hosegood and van Haren [2004] observed trains
of nonlinear internal waves propagating up theWest Shetland
slope near the seabed. These wave trains occurred aperiodi-
cally, suggesting that they were not directly tidally forced, but
were associated with high (order 10−7 W kg−1) turbulent
kinetic energy dissipation rates. The generation of nonlinear
dispersive internal tides and their disintegration into wave
trains has been simulated by Gerkema and Zimmerman
[1995] and Gerkema [1996] using a two‐layer model. How-
ever, it is unclear how far internal tides generated at the
Wyville Thomson Ridge propagate along the FSC, their
relation to the observed nonlinear wave trains, and whether
they enhance mixing at the boundaries.
[9] In September 2005, a slope mixing experiment was

undertaken on the West Shetland slope to make measure-
ments of internal waves and their induced mixing. In this
study, observations of internal waves from the experiment are
combined with a numerical model of the M2 tide in the FSC
region to investigate (1) the generation of internal tides at the
Wyville Thomson Ridge and in the channel, (2) internal tide
and nonlinear internal wave energy fluxes on the West
Shetland slope, and (3) dissipation of these internal waves as a
source of energy for mixing. The instrumentation, back-
ground hydrography, and internal wave observations from
the slopemixing experiment are described in sections 2 and 3.
The numerical model setup and validation is described in
section 4. Internal tide energy fluxes from the observations
and the model output are calculated in section 5. The energy
flux associated with trains of nonlinear internal waves
observed on the slope is estimated in section 6. Dissipation of
the internal waves and the resulting mixing is considered in
section 7. Other sources of energy available for mixing and
the global context are discussed in section 8.

2. Slope Mixing Experiment

2.1. Instrumentation

[10] The research vessel FS Poseidon was used to deploy
an array of ADCPs and thermistor moorings on the West
Shetland slope between 7 and 21 September 2005 (Figure 1a).
Four upward looking ADCPs were arranged in a square
∼5 km across, about the 600 m isobath, to sample through the
main pycnocline close to where it met the slope (Figure 1b).
At the “South” and “West” corners of the square, 150 kHz
ADCPs with 200 m range were deployed, sampling in 4 m
vertical bins; a 75 kHzADCPwith 250m rangewas deployed
in the “North” corner (8 m bins); a 600 kHz ADCP with
shorter 40 m range was deployed in the “East” corner (2 m
bins). Three 50 m thermistor moorings were deployed next
to the ADCP moorings at the “East,” “South,” and “West”
corners of the square. The thermistors were 4 m apart along
the mooring cable. On the “East” and “West” moorings a
CTD logger was attached 4 m above the seabed. All the
ADCPs and most of the thermistors had 2 min sampling
(some thermistors were set to sample every 4 min due to
memory constraints); the CTD loggers sampled everyminute.
This arrangement of instruments, in a three‐dimensional
mooring array rather than a single line of moorings, allowed
both the speed and direction of internal waves to be resolved,
provided individual waves were observed in three or more
of the mooring time series.

[11] A repeat station over the 680 m isobath, adjacent to
the moorings, was occupied for 24 h during the deployments
(11–12 September 2005) and a full‐depth CTD cast recorded
every hour. A full‐depth CTD section across the FSC was
also carried out to ascertain the background hydrography.
The resolution of the CTDwas 1 dbar after processing, but the
original 24 Hz sampling frequency was retained for Thorpe
scale analysis (∼0.04 m resolution). A 300 kHz lowered
ADCP, sampling in 4 m vertical bins, was also attached to
the rosette.

2.2. Background Hydrography

[12] There is a seasonal thermocline over the West Shetland
slope in the upper 200 m during the summer months. Themain
pycnocline intersects the slope with permanent stratification
between approximately 550m and 650m (e.g., Figure 1b). The
pycnocline typically deepens toward the slope and separates
warm, saline North Atlantic Water (NAW), flowing northeast
along the shelf edge, from the return flow of cold, fresher
Norwegian Sea Deep Water (NSDW) along the axis of the
channel.
[13] The vertical distance between isopycnals decreases

toward the slope, forming a wedge‐shaped density field. This
“isopycnal pinching” signifies an intermediate water mass is
present and is also observed on the Faroe Bank side of the
Faroe Bank Channel [Borenäs et al., 2001]. Over the Faroe
slope, the northwestern bank of the FSC, stratification is
weaker, with isopycnals evenly distributed through the
water column.

3. Internal Wave Observations

[14] At the location of the repeat station, the main pyc-
nocline was observed at approximately 600 m, less than
100 m above the seabed (Figure 2). Vertical displacement of
the pycnocline suggested an order 10 m amplitude semidi-
urnal internal tide. Horizontal current velocities were
strongly semidiurnal in the lower layer below the pycno-
cline, with velocity amplitudes of order 0.1 m s−1. M2 har-
monic fits to the depth‐averaged flow showed barotropic
tidal amplitudes were 0.05 m s−1 and 0.08 m s−1 across and
along the slope, respectively.
[15] Higher‐frequency, nonlinear internal waves were

observed intermittently in the mooring time series (Figure 3).
As the pycnocline was maintained close to the seabed, most
of the internal waves were bottom‐trapped waves of eleva-
tion, as observed byHolloway [1987] on the Australian North
West Shelf and by Klymak and Moum [2003] on the Oregon
continental shelf. For a two‐layer model, there are two solu-
tions to the Korteweg–de Vries (KdV) equation where non-
linearity and nonhydrostatic dispersion balance to permit
waves of permanent form; that is, the shape does not change
during propagation. These solutions are solitary waves and
periodic cnoidal waves, the former has been successfully
used for analysis of internal solitary waves in the ocean [e.g.,
Apel et al., 1985; Ostrovsky and Stepanyants, 1989]. On the
West Shetland slope, some of the observed waves occurred
as individual solitary waves, while others occurred in packets
or trains. On a few occasions, the isopycnals did not return to
their original rest state after the solitary wave or wave train
had passed (Figure 3a), suggesting solibore behavior [Henyey
and Hoering, 1997].
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[16] Each wave train began with a large amplitude (up to
50 m) wave of elevation; subsequent waves generally
decreased in amplitude and had periods between 15 and
30 min. This amplitude variation was expected because, for
a very shallow lower layer, large amplitude nonlinear waves

travel faster than smaller amplitude waves, evolving into
rank‐ordered packets over time [Sandstrom and Oakey,
1995]. During some periods of the mooring time series,
the wave trains occurred at roughly semidiurnal intervals,
unlike those observed by Hosegood and van Haren [2004],

Figure 2. The 24 h time series of (a) across‐slope and (b) along‐slope velocity from the lowered ADCP
at the repeat station. Positive across‐slope values are toward the southeast, and positive along‐slope
values are northeast. Contours of s� from the CTD are also shown.

Figure 3. (a) Potential density 4 m above the seabed from the CTD logger on the “West” thermistor
mooring. (b) Across‐slope velocity and contours of temperature (°C) from the “West” thermistor/ADCP
mooring pair. Positive velocity values are toward the southeast. Close‐ups of across‐slope velocity and
contours of temperature from the (c) “West,” (d) “East,” and (e) “South” mooring pairs. The gray lines
show the leading wave of each wave train in all three mooring time series.
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so were likely tidally forced. However, the rank ordering
suggests that they were observed some distance from their
generation site [Carter et al., 2005].
[17] The velocity of the nonlinear waves was measured by

tracking the leading wave in each train between the three
thermistor/ADCP mooring pairs (Figures 3c–3e). The mean
velocity of the leading waves (c) was 0.27 m s−1 at an angle
of 132° clockwise from north, up the slope and within 10° of
perpendicular to the isobaths (indicated by the arrow in
Figure 1a). This wave velocity and the observed period
implies wavelengths were between 250 and 500 m. The
Froude number of the internal waves, Fr = u/c, where u is
the tidal flow, was up to 2. Wave amplitudes were of the
same order as the depth of the lower layer, and amplitude‐
to‐wavelength ratios up to 0.2, reinforcing the nonlinear
nature of the waves.

4. Numerical Model

4.1. Model Setup

[18] A modified version of the Princeton Ocean Model
(POM) [Blumberg and Mellor, 1987] is used to simulate the
M2 tide in the FSC region. POM is a three‐dimensional,
nonlinear, hydrostatic, free surface, finite difference, terrain‐
following (s coordinate), primitive equation model. The
Mellor and Yamada [1982] second‐moment turbulence
closure scheme is used to calculate diffusivities and vis-
cosities in the vertical and the Smagorinsky [1963] scheme
used in the horizontal. The Flather condition [Flather, 1976]
is applied at the boundaries so that barotropic energy is
transmitted out of the domain. Baroclinic energy is absorbed
at the boundaries using the relaxation scheme described by
Carter and Merrifield [2007]. The model has previously
been used to simulate barotropic and baroclinic tides over
the Hawaiian Ridge [Carter et al., 2008; Rainville et al.,
2010], the Mid‐Atlantic Ridge [Zilberman et al., 2009]

and in Monterey Submarine Canyon [Carter, 2010; Hall
and Carter, 2011].
[19] The model domain extends from 13°22′W to 1°58′W,

58°18′N to 63°54′N and is rotated 45° so that the southeastern
boundary is parallel to the West Shetland slope. The bathym-
etry has 1 km horizontal resolution, derived from 1 min Smith
and Sandwell [1997] data, and is lightly smoothedwith a three‐
point square running mean. Sixty‐one evenly spaced sigma
levels are used, giving a vertical resolution between 0.8 and
30 m. Initial conditions are no flow and horizontally uniform
stratification; the initial temperature and salinity profiles are
the average of three CTD casts at 5°40′W, 60°10′N, approxi-
mately halfway between the Wyville Thomson Ridge and the
site of the slope mixing experiment, taken on 10 September
2005 (Figure 4). Linear extrapolation is used to extend these
observations to themaximum depthwithin the domain (1800m).
Diffusivities are not applied to the temperature and salinity
fields so the stratification is not eroded by mixing. The model
is forced at the boundaries with M2 barotropic velocities.
Elevations and normal velocities used to calculate the Flather
boundary condition are taken from the TPXO7.2 inverse
model [Egbert, 1997; Egbert and Erofeeva, 2002].
[20] The simulation is run for 20M2 tidal cycles (10.35 days),

a M2 harmonic analysis is performed over the last six tidal
cycles. Harmonic analysis effectively removes any erroneous
low‐frequency velocities from the calculation of horizontal
pressure gradients over steep topography [e.g., Haney, 1991;
Mellor et al., 1994].

4.2. Model Validation

[21] Baroclinic velocity from the M2 harmonic analysis
output is validated against M2 harmonic fits to the across‐
slope and along‐slope baroclinic velocity observations at the
repeat station (Figure 5). The velocity maxima in the lower
layer below the main pycnocline are well represented, as is
the phase lag between the across‐slope and along‐slope
directions. The largest deviation from the observations occurs
in the seasonal thermocline, where the vertical phase shift is
of the wrong sign.
[22] The model skill is quantitatively assessed by com-

bining the amplitudes and phases of the observed and
modeled velocities into a single RMS error estimate in each
direction and on each sigma level [Cummins and Oey, 1997;
Carter et al., 2008],

Erms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
A2
o þ A2

m

� �� AoAm cos �o � �mð Þ
r

; ð2Þ

where the subscripts o and m denote the observed and mod-
eled amplitudes (A) and phases (�) of velocity. The depth‐
averaged RMS error is 0.03 m s−1 across‐slope (79% of the
observed M2 baroclinic tidal amplitude) and 0.03 m s−1

along‐slope (86%). Differences between the model output
and baroclinic velocity observations may in part be due to
differences in stratification. The buoyancy frequency profile
at the repeat station (Figure 7a) features a thinner pycnocline
than the horizontally uniform model stratification, but higher
maximum N2 values by a factor of 2.
[23] The cotidal plot of modeled M2 surface elevation

amplitudes and phase (Figure 6) shows the amphidromic
point east of the Faroe Islands is well resolved. The surface
elevation field is in good agreement with previous tidal

Figure 4. Initial potential temperature (black line) and
salinity (gray line) profiles for the model, the average of
three CTD casts at 5°40′W, 60°10′N.

HALL ET AL.: INTERNAL TIDES IN THE FSC C03008C03008

5 of 15



modeling efforts in the region [e.g., Davies et al., 2001;
Kwong and Davies, 2001].

5. Internal Tide Energy Fluxes

[24] The internal (baroclinic) tide energy flux is calculated
as F = hu′p′i, where u′ is the velocity perturbation (u′, v′, w′),
p′ is the pressure perturbation, and h·i denotes an average
over a tidal cycle [e.g., Kunze et al., 2002; Nash et al.,
2005]. The energy flux is calculated from the full‐depth
lowered ADCP/CTD profiles at the repeat station and from
the model harmonic analysis output at all grid points in the
domain.

5.1. Observed Energy Flux

[25] For the observed energy flux, semidiurnal velocity
perturbations and density anomalies (r′) are found from M2

harmonic fits to horizontal velocity and density. Baroclinic
velocity perturbations (u′, v′) are calculated by subtracting
the depth‐averaged flow from the velocity perturbations,
and baroclinic pressure perturbations are calculated by
integrating the hydrostatic equation from the surface, p′ =
p′surf +

R 0
z r′gdz, where p′surf is surface pressure perturbation

due to the internal tide. p′surf cannot be determined from the
CTD measurements, so we apply the baroclinicity condition
for pressure, i.e.,

R 0
�Hp′dz = 0 [Kunze et al., 2002]. Gerkema

and van Haren [2007] argued that the baroclinicity condi-
tion for pressure is invalid over sloping topography. How-
ever, at this location, their suggestion of choosing the level
p′ = 0 based on the location of the strongest baroclinic
currents in the water column yields energy flux profiles
similar to those gained from applying the baroclinicity

condition. The depth‐integrated internal tide energy flux is
independent of p′surf because the depth integral of u′ is zero
by definition, i.e.,

R 0
�Hu′dz = 0 [Ray and Mitchum, 1997;

Cummins and Oey, 1997]. Semidiurnal vertical isopycnal
displacements are calculated from the M2 harmonic fits to
density, x = −r′(d�/dz)−1; then vertical velocity perturba-
tions are inferred w′ = dx/dt.
[26] The horizontal M2 internal tide energy flux at the

repeat station was concentrated in the main pycnocline
(Figures 7b and 7c). The maximum across‐slope energy flux
(1.5 W m−2) was at 595 m and directed up the slope. The
maximum along‐slope energy flux (2.5 W m−2) was at
630 m and directed to the southwest. Above the pycnocline,
the energy flux was <0.25 W m−2 in both directions. The
depth‐integrated internal tide energy flux was 140 W m−1

up‐slope and 154 W m−1 along‐slope to the southwest.
Integrated through the pycnocline (550–650 m), the energy
flux was 76 W m−1 up‐slope and 112 W m−1 along‐slope to
the southwest.
[27] The vertical energy flux was of order one hundredth

of the magnitude of the horizontal energy flux (Figure 7d).
There was a convergence of internal tide energy in the
pycnocline; between approximately 500 m and 600 m there
was a downward flux of energy, while between 600 m and
650 m the energy flux was upward. At the top and the base
of the pycnocline (550 m and 650 m) the energy flux was
10−3 W m−2 downward and 4 × 10−3 W m−2 upward, respec-
tively. Above 500 m the energy flux was mostly downward
and <10−3 W m−2.

5.2. Model Energy Flux

[28] For the model energy flux, semidiurnal baroclinic
velocity perturbations are reconstructed from the M2 har-
monic constants. Baroclinic pressure perturbations are cal-
culated p′ = p′surf +

R 0
z rN

2xdz, where N2 is the initial
stratification profile and vertical displacement (x) is inferred

Figure 6. Cotidal plot of M2 surface elevation amplitude
(color) and phase (black contours) from the model. Green-
wich phases are plotted with a 20° contour interval. The
bathymetry contour interval is 200 m.

Figure 5. Comparison of model baroclinic velocity withM2

harmonic fits to the across‐slope and along‐slope baroclinic
velocity observations at the repeat station. Positive across‐
slope values are toward the southeast, and positive along‐
slope values are northeast.
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Figure 7. (a) Buoyancy frequency squared and (b) across‐slope, (c) along‐slope, and (d) vertical M2

internal tide energy fluxes at the repeat station. The black lines are from the lowered ADCP/CTD mea-
surements. The gray lines are from the model. Positive across‐slope values are toward the southeast, and
positive along‐slope values are northeast. The shaded area is the location of the main pycnocline.

Figure 8. (a) Depth‐integrated baroclinicM2 energy flux from the model. Vectors are plotted every eight
grid points (8 km) in each direction. The underlying color is the energy flux magnitude. The green cross is
the location of the repeat station. The green line is the location of the across‐channel section shown in
Figure 9. The green circle at the southwestern end of the FSC is the location of the station where
Sherwin [1991] observed an internal tide. (b) Barotropic‐to‐baroclinic M2 energy conversion from the
model. Positive values are sources of baroclinic energy. The bathymetry contour interval is 200 m.
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from the vertical velocity perturbations. The baroclinicity
condition is again used to constrain p′surf.
[29] Barotropic‐to‐baroclinic energy conversion is calcu-

lated asEconv = hp′(−H)(u ·H)i, where u is barotropic velocity
from the M2 harmonic analysis output [Niwa and Hibiya,
2001]. Positive conversion indicates energy being trans-
ferred from the barotropic tide to the baroclinic tide. Negative
conversion indicates work being done on the barotropic tide
by the baroclinic tide [Zilberman et al., 2009].
[30] Interpretation of internal tide energy fluxes in the

FSC region is complicated by the existence of multiple
generation sites. Rainville et al. [2010] showed that internal
tides from multiple sources constructively and destructively
interfere, resulting in depth‐integrated energy flux beams
appearing and disappearing in the open ocean. However, it
is possible to make realistic inferences about internal tide
generation by comparing depth‐integrated baroclinic M2

energy fluxes (Figure 8a) with the spatial distribution of
barotropic‐to‐baroclinic M2 energy conversion (Figure 8b).
Although horizontally uniform, the model stratification is
representative of the FSC and Wyville Thomson Basin,
where we will focus our analysis. Stratification in the
Rockall Trough is significantly weaker, therefore internal
tide generation and propagation are unlikely to be accurate
south of the Wyville Thomson Ridge.
[31] Large depth‐integrated energy fluxes (>5 kW m−1)

occur on the northern flank of the Wyville Thomson Ridge,
directed northwest toward the Faroe Bank Channel. Along
the shelf slope south of the Faroe Islands there is a southward
energy flux, back toward the Wyville Thomson Ridge. The
northern flank of the ridge and shelf slope south of the Faroes
are areas of high (>1 Wm−2) barotropic‐to‐baroclinic energy
conversion so these energetic internal tides are most likely
locally generated.

[32] At the southwestern end of the FSC, depth‐integrated
energy fluxes are spatially variable in both magnitude and
direction. As suggested by Sherwin [1991], there is an
internal tide radiating from the eastern end of the Wyville
Thomson Ridge (where energy conversion is up to 4Wm−2).
However, the energy flux field suggests that internal tides
generated along the shelf slope south of the Faroes cause
constructive and destructive interference. At the location
of the station where Sherwin [1991] observed an internal tide
(6°3′W, 59°54′W), the depth‐integrated energy flux is 4.8 kW
m−1. This is close to the energy flux Sherwin [1991] estimated
from the observations (4.7 kW m−1). Maximum model ver-
tical displacement at this location is 33 m, close to that
observed by Sherwin [1991] (37 m).
[33] Further to the northeast, within the FSC, there is an

order 2 kWm−1 depth‐integrated energy flux beam that rotates
clockwise. The beam likely originates on the Faroe slope as the
appearance of depth‐integrated energy fluxes are consistent
with areas of barotropic‐to‐baroclinic energy conversion
(∼0.5 W m−2). The energy flux is initially northeast, along the
isobaths, before rotating clockwise within the channel and
returning southwest along the West Shetland slope.
[34] The repeat station is located at the edge of the beam,

close to where it disappears. The depth‐integrated energy flux
at this location is 204 W m−1 up‐slope and 179 W m−1 along‐
slope to the southwest. Although these modeled energy fluxes
are 15%–45% larger than the observed internal tide, they have
a similar vertical structure withmaxima in themain pycnocline
(Figures 7b and 7c). Maximummodel vertical displacement at
the repeat station is 14 m, slightly larger than the observedM2

vertical displacement of the pycnocline (9 m). The model
overestimation of energy flux at this location is possibly due to
the large spatial gradients in themodeled internal tide field. The

Figure 9. (a) Across‐channel and (b) along‐channel baroclinic M2 energy flux at the across‐channel
section from the model. Positive across‐slope values are toward the southeast, and positive along‐slope
values are northeast. The black line is the location of the repeat station.

HALL ET AL.: INTERNAL TIDES IN THE FSC C03008C03008

8 of 15



depth‐integrated energy flux just 5 km up‐slope of the repeat
station is in good agreement with the observed internal tide.
[35] The depth‐integrated energy flux beam is bisected by

the across‐channel section occupied during the slope mixing
experiment. Across and along‐channel energy fluxes at the
section are shown in Figure 9. The across‐channel energy
flux is maximum below the main pycnocline (at 600 m),
mostly directed toward the Faroe slope. However, over the
West Shetland slope there is a middepth band of up‐slope
energy flux that is consistent with the up‐slope energy flux in
the pycnocline observed at the repeat station. The along‐
channel energy flux is larger than that across‐channel and has
a bimodal distribution below the pycnocline. Over the Faroe
slope the energy flux is northeast while over the axis of the
channel it is southwest, the start and end of the rotating beam.
Above the pycnocline there are weaker energy fluxes in the
same direction as those below.

6. Nonlinear Internal Wave Energy Flux

[36] The energy flux associated with the higher‐
frequency, nonlinear internal waves observed in the therm-
istor and ADCP mooring time series is estimated using the
energy flux relation

F ¼ c HKEþ APEh i; ð3Þ

where HKE = 1
2ru′u′ is the horizontal kinetic energy density of

the wave; APE = 1
2rN

2x2 is the available potential energy
density; and c is the wave velocity [Moum et al., 2007]. u′ and
x are across‐slope velocity perturbation and vertical iso-
pycnal displacement, found by decomposing the velocity and
density time series into time average values and anomalies,

i.e., u′ = u − u and r′ = r − �. The time average values (u and �)
are calculated using a 2 h running median. Using this method,
� accurately follows the roughly semidiurnal across‐slope
advection of the dense water and removes it from the energy
calculation. Relation (3) is used instead of hu′p′i because the
mooring array was designed to sample through the main
pycnocline at high resolution so the overlying density struc-
ture and barotropic velocities were not measured. We con-
sider only the up‐slope energy flux for the nonlinear waves
because the mean wave velocity (0.27 m s−1, see section 3)
was almost perpendicular to the isobaths. For each mooring
pair, HKE and APE are integrated from the seabed up to 50 m
above the bottom; then the wave‐averaged energy flux cal-
culated from (3) using 30 min time averages.
[37] The kinetic energy and available potential energy

showed reasonable correlation (Figures 10a and 10b), with
HKE generally larger than APE. There were periods where
APE went to zero, but HKE was nonzero due to noise in
the ADCP data. Comparing Figures 10a and 10b with
Figure 3b, most large energy peaks coincided with the leading
wave of a train or individual solitary waves. Instantaneous
energies were occasionally >1 kJ m−2, but time average
values for the three mooring pairs were of order 30 J m−2

for HKE and 10 J m−2 for APE.
[38] Using linear regression, hHKEi/hAPEi ’ 3.3 (R2 =

0.14), a factor of 2 larger than previous observations of non-
linear internal waves. For bottom‐trapped waves on the Ore-
gon continental shelf,Klymak and Moum [2003] estimated the
energy ratio to be 1.5 (revised by Moum et al. [2007]). A
similar ratio was estimated for surface‐trapped waves in the
South China Sea [Klymak et al., 2006]. However, more recent
observations of bottom‐trapped waves on the Oregon shelf

Figure 10. Nonlinear internal wave energy density from the “West” thermistor/ADCP mooring pair,
integrated from the seabed to 50 m above the bottom: (a) horizontal kinetic energy density and (b) avail-
able potential energy density. Nonlinear internal wave energy flux from the (c) “West,” (d) “East,” and
(e) “South” mooring pairs. The solid lines in Figures 10c–10e are from F = chHKE + APEi. The dashed
lines are from F = 2chHKEi. The shaded area is the period the repeat station was occupied.
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by Moum et al. [2007] suggested equal partitioning of HKE
and APE. The deviation from previous energy ratio estimates
was likely due to underestimation of APE, resulting from the
50 m thermistor moorings not sampling the whole vertical
extent of the waves.Moum et al. [2007] showed that for waves
of elevation HKE is maximum near the bottom, while APE is
elevated over a larger depth range. To estimate an upper bound,
the nonlinear internal wave energy flux is recalculated
assuming the energy ratio is one, i.e., F = 2chHKEi.
[39] Peak wave‐averaged energy fluxes reached 200Wm−1,

butwere typically of order 10Wm−1 (Figures 10c–10e).During
the period the repeat station was occupied and estimates of
turbulent mixing made (see section 7.1) the energy fluxes were
small, but relatively constant. Mean values for this period were
consistent between the three mooring pairs, 13.1 ± 3.6 W m−1

for the “West” moorings; 16.7 ± 4.3 W m−1 for the “East”
moorings; and 17.8 ± 5 W m−1 for the “South”moorings. The
uncertainty is the standard error between the 48 energy flux
estimates during the 24 h period and includes the upper bound.
Given the uncertainty, the three energy fluxes were not sta-
tistically different. Therefore, to infer the nonlinear internal
wave dissipation rate (section 7.3), we estimated the energy
flux in the bottom 50 m to be 10–20 W m−1 during the period
the repeat station was occupied.

7. Internal Wave Dissipation and Mixing

[40] In this section, we consider where the internal waves
are dissipated and the resulting turbulent mixing. Turbulent
kinetic energy (TKE) dissipation rate and diapycnal eddy
diffusivity are first estimated from Thorpe scale analysis of
the CTD data. The former is then compared to bulk TKE
dissipation rates inferred from the observed internal tide and
nonlinear internal wave energy fluxes. Other sources of
energy available for mixing are considered in the discussion.

7.1. Thorpe Scale

[41] In the absence of any direct turbulence measure-
ments, TKE dissipation rate and diapycnal eddy diffusivity

are inferred from Thorpe scale analysis [Thorpe, 1977] of
density overturns in the CTD profiles at the repeat station
(Appendix A). The largest overturns occurred between
200 m and 250 m, where time average Thorpe scale, hLTi,
reached 1.4 m (Figure 11). Between 350 m and 500 m, hLTi
was shorter than the overturn resolution limit of the CTD
so was likely dominated by instrument noise. However, in
the main pycnocline hLTi was ∼0.6 m, significantly longer
than resolution limit in strong stratification (0.11 m). TKE
dissipation rate was highest in the pycnocline due to its
sensitivity to N, reaching 4 × 10−8 W kg−1. Diapycnal eddy
diffusivity was maximum at the same depth as hLTi, below
the seasonal thermocline, and reached 6 × 10−4 m2 s−1.

Figure 11. (a) Thorpe scale, (b) overturn‐scale buoyancy frequency, (c) TKE dissipation rate, and
(d) diapycnal eddy diffusivity at the repeat station in 50 m vertical bins and time‐averaged over the
25 casts. The error bars show the standard error for each bin. The dashed line in Figure 11a is the overturn
resolution limit of the CTD. The shaded area is the location of the main pycnocline.

Figure 12. Schematic of internal wave energy dissipation.
For the internal tide the net energy flux into the region of
dissipation is Fnet = F1 + F2 − F3, and the area of the region
is A1 = 100 m × 4000 m + 100 m × 5000 m × 1/2. For the
nonlinear internal waves the net energy flux is Fnet = F4, and
the area is A2 = 50 m × 5000 m × 3/4.
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[42] Averaged through the pycnocline (550–650 m), TKE
dissipation rate was 3 × 10−8 W kg−1 and diapycnal eddy
diffusivity 3 × 10−4 m2 s−1. The latter was an order of mag-
nitude larger than typical values for the interior of the open
ocean [Ledwell et al., 1993; Toole et al., 1994], but of the
same order asmeasured over rough abyssal topography [Polzin
et al., 1997; Ledwell et al., 2000] and seamounts [Toole et al.,
1997; Eriksen, 1998].

7.2. Internal Tide Dissipation

[43] The across‐slope component of the M2 internal tide
energy flux at the repeat station was up‐slope in the main
pycnocline, however, the pycnocline intersected the shelf
slope less than 10 km up‐slope from the location to the repeat
station.We therefore make the assumption that all the up‐slope
M2 internal tide energy in the pycnocline was dissipated in a
region bounded by the repeat station, the shelf slope, and the
top and base of the pycnocline (Figure 12). The bulk TKE
dissipation rate in this region is estimated

�bulk ’ Fnet= �A 1þ Gð Þ½ �; ð4Þ

where Fnet is the net energy flux into the region and A is the
across‐slope sectional area of the region. G is the mixing
efficiency, assumed to be 0.2 [Oakey, 1982].
[44] From the internal tide observations, the net energy flux

was 101 W m−1, including the vertical fluxes at the base and
top of the pycnocline (25 Wm−1). The across‐slope sectional
area of the dissipation region is estimated to be 6.5 × 105 m2

for a pycnocline thickness of 100 m and the measured slope
gradient, 0.02 (Figure 12). This yields a bulk TKE dissipation
rate for the internal tide of 1.3 × 10−7 W kg−1, a factor of 4
larger than the dissipation rate in the pycnocline inferred from
Thorpe scale analysis (3 × 10−8 W kg−1).
[45] The assumption that all the energy in the pycnocline

was dissipated on the slope may not completely hold
because the West Shetland slope is supercritical to semidi-
urnal internal tides where it is intersected by the pycnocline.
Using equation (1) and taking N to be the mean buoyancy
frequency in the lower 50 m of the water column along the
across‐channel section, the slope was subcritical to the M2

internal tide below the 770 m isobath and above the 480 m
isobath. Between these isobaths the slope was supercritical.
This variation with depth implies that, in the pycnocline,
reflection of internal tide energy back into the channel will
occur, while above and below the pycnocline, energy will
continue to propagate onto the shelf. However, some
internal tide energy will be dissipated in the bands of near‐
critical slope between the subcritical and supercritical areas.
The bulk dissipation rate inferred from the internal tide
energy flux should therefore be considered an upper bound.
[46] Considering the factor of 3 error in the estimation

of TKE dissipation rate from Thorpe scale analysis [Fer
et al., 2004], and taking the bulk dissipation rate to be an
upper bound, the comparison is encouraging. The slight
overestimation of dissipation rate inferred from the internal
tide energy flux suggests that either (1) only a fraction of
the internal tide energy was dissipated on the slope, with the
remainder being reflected back into the channel, or (2) the
dissipation estimate is low, either because some large over-
turns were missed, or the observations were not made where
the most intense dissipation occurred. Estimation of the frac-

tions of internal tide energy dissipated on the slope and re-
flected back into the channel is the subject of ongoing research.

7.3. Nonlinear Internal Wave Dissipation

[47] The higher‐frequency, nonlinear internal waves were
bottom‐trapped so must have dissipated or broken in the
area the pycnocline intersected the shelf slope because the
near‐bed buoyancy frequency further up‐slope was less than
the frequency of the waves. We therefore make a similar
assumption as for the internal tide, that all the up‐slope
nonlinear internal wave energy was dissipated in a region
bounded by the “East” and “West” mooring pairs, the shelf
slope, and the top of the pycnocline (Figure 12).
[48] During the period the repeat station was occupied, the

energy flux associated with the nonlinear internal waves was
smaller than that for the internal tide, only 10–20 W m−1.
However, the across‐slope sectional area of the dissipation
region is also estimated to be smaller, 1.9 × 105 m2, because
the “East” and “West” mooring pairs were further up the
slope than the repeat station (Figure 12). This yields a bulk
TKE dissipation rate for the nonlinear internal waves of 4.3–
8.5 × 10−8 W kg−1, roughly half that for the internal tide and
slightly larger than the dissipation rate inferred from Thorpe
scale analysis.

8. Discussion and Summary

[49] The role of internal tides and nonlinear internal wave
trains in transferring energy through the FSC and sustaining
the high level of mixing on the West Shetland slope is now
discussed. Other sources of energy available for mixing and
the global context are also considered.

8.1. Internal Tides in the Faroe‐Shetland Channel

[50] The order 10 m amplitude semidiurnal internal tide
observed at the repeat station was not typical of the FSC as a
whole. Both the M2 amplitude and energy flux were smaller
than observed by Sherwin [1991] at the southwestern end of
the channel, the latter by over an order of magnitude. The
model results suggest that the M2 internal tide in the channel
is generated at multiple sites, not just at the Wyville
Thomson Ridge as suggested by Sherwin [1991]. At the
location of the repeat station, baroclinic variability is dom-
inated by an internal tide beam that likely originates on
the Faroe slope. The area of low energy flux between the
Wyville Thomson Ridge and the repeat station suggests that
there is destructive interference between the beam and the
internal tide generated at the ridge.
[51] The bulk TKE dissipation rate inferred from the

observed internal tide energy flux was a factor of 4 larger
than that inferred from Thorpe scale analysis. Supercritical
reflection of the internal tide in the main pycnocline may
explain the overestimation and suggests that the assumption
that all the energy in the pycnocline was dissipated on the
slope does not completely hold. The high level of mixing on
the slope can be accounted for by the internal tide, even if
the majority of the energy was reflected.
[52] Modeled internal tide energy fluxes on the northern

flank of the Wyville Thomson Ridge are over an order of
magnitude larger than at the location of the repeat station,
>5 kW m−1. These are comparable to the depth‐integrated
baroclinic M2 energy fluxes produced by the model at the
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Hawaiian Ridge [Carter et al., 2008], known to be a region
of energetic internal tide generation. However, the internal
tide does not propagate away from the Wyville Thomson
Ridge in beams as at the Hawaiian Ridge, instead the energy
is trapped in the Wyville Thomson Basin and must be dis-
sipated locally. High TKE dissipation rates (up to 10−5 W
kg−1) have been measured in the basin using a microstruc-
ture profiler (E. J. Venables, personal communication, 2010)
and inferred from Thorpe scale analysis of CTD data
[Mauritzen et al., 2005].

8.2. Nonlinear Internal Wave Trains

[53] The trains of near‐bed nonlinear internal waves
observed in the mooring time series were likely generated
some distance from the site of the slope mixing experiment
because they were rank ordered. The generation site must
have been offshore, rather than on the shelf, because the
wave trains were observed to propagate up the slope. As the
wave trains occurred in the mooring time series at roughly
semidiurnal intervals, they were likely tidally forced and
may have been a nonlinear manifestation of the internal tide,
as speculated by Sherwin [1991].
[54] The bulk TKE dissipation rate inferred from the

nonlinear internal wave energy flux was roughly half that
inferred from the internal tide energy flux, and slightly
larger than that inferred from Thorpe scale analysis. How-
ever, unlike the internal tide, which is a constant source of
energy for mixing on the slope, the nonlinear internal wave
energy flux was intermittent. Although typically energy
fluxes were only of order 10 W m−1, energy fluxes up to
200 W m−1 were occasionally observed. These were com-
parable to the depth‐integrated internal tide energy flux, yet
were contained within the bottom 50 m. Dissipation of these
peak energy fluxes on the slope implies occasional bulk
TKE dissipation rates an order of magnitude larger than
those inferred here for the period the repeat station was
occupied. During these peak energy events, dissipation of
the wave trains was likely to have cause more mixing on
the slope than the linear internal tide.

8.3. Other Sources of Mixing Energy

[55] The internal tide and nonlinear internal wave energy
fluxes were sufficient to sustain the high levels of mixing on
the slope, even if the majority of the internal tide energy was
reflected. In this section, two other sources of energy
available for mixing are considered: turbulence at the seabed
from the work of bottom friction on barotropic tidal cur-
rents, and mechanical forcing at the surface by the wind.
[56] The work of bottom friction on barotropic tidal cur-

rents generates TKE in the bottom boundary layer. UsingD =
rCdhu3i, where u is barotropic velocity from the full‐depth
lowered ADCP profiles at the repeat station and Cd = 0.0025
is the drag coefficient, we estimate the source of TKE at
the bottom boundary to have been ∼0.002 W m−2. Assuming
the TKE penetrated upward no further than 150 m (the top
of the main pycnocline), the barotropic tide can account for
a dissipation rate of 1.2 × 10−8 W kg−1. This is a factor of
2 smaller than the TKE dissipation rate in the pycnocline
inferred from Thorpe scale analysis and an order of magni-
tude smaller than the bulk dissipation rate inferred from the
internal tide energy flux. If this assumption is relaxed, al-
lowing the TKE generated at the bottom boundary to pene-

trate further through the water column, the dissipation rate
that can be accounted for by the barotropic tide is even less.
[57] The input of TKE to the ocean by wind forcing, W =

htugi, where t is wind stress and ug is surface geostrophic
velocity, is typically 0.01 W m−2 [Huthnance, 1995]. This
estimate assumes all the forced small‐scale motions are
dissipated within the surface mixed layer and do not con-
tribute to mixing in the pycnocline. Energy from wind
forcing can be transported below the surface mixed layer by
near‐inertial internal waves. These downward propagating
waves are a significant input of energy to the global ocean
[Alford, 2003], comparable to tidal energy dissipation in the
deep ocean [Egbert and Ray, 2000] and the work done by
the wind on the general circulation [Wunsch, 1998]. How-
ever, at this location, they are discounted as a significant
source of energy for mixing because spectral analysis of
the moored ADCPs data (not shown) showed little variance
at near‐inertial and subinertial frequencies.

8.4. Global Context

[58] The internal tide energy flux observed on the West
Shetland slope was small compared that observed in other
regions. For example, the Hawaii Ocean Mixing Experiment
found the internal tide energy flux away from the crest of the
Hawaiian Ridge to be 5 to 6 kW m−1 [Nash et al., 2006] and
∼16 kW m−1 across the 3000 m isobath [Lee et al., 2006].
Other estimates of internal tide energy flux include 5 kW
m−1 at the mouth of Monterey Submarine Canyon off
California [Kunze et al., 2002], 1 kW m−1 on the continental
slope off Virginia [Nash et al., 2004], 2.4 kW m−1 away
from Great Meteor Seamount [Gerkema and van Haren,
2007], order 1 kW m−1 on the Oregon continental slope
[Nash et al., 2007], and 14 kW m−1 at the mouth of Gaoping
Canyon off Taiwan [Lee et al., 2009]. The observed energy
flux was however comparable to estimates at the European
shelf edge (e.g., 104 W m−1 west of Scotland [Sherwin,
1988] and 100–200 W m−1 in the Celtic Sea [Green et al.,
2008]), although larger energy fluxes occur at shelf breaks
elsewhere [Holloway, 1984; Huthnance, 1989].
[59] Although small, the majority of the energy flux on

the West Shetland slope was contained within the main
pycnocline, where large property gradients exist. Turbulent
mixing resulting from dissipation of the internal tide on the
slope will therefore be effective in the vertical transport of
heat, salt, and nutrients.
[60] In contrast to the small energy flux on the West

Shetland slope, the modeled internal tide energy fluxes on
the northern flank of the Wyville Thomson Ridge are
comparable to the largest of the observed energy fluxes
quoted above, suggesting that the ridge may be a globally
significant source of internal tide energy. Moreover, the
internal tide does not propagate far from ridge so all the
energy must be dissipated in the Wyville Thomson Basin,
between the FSC and Faroe Bank Channel. High levels of
internal tide induced mixing in the basin are likely to modify
the �‐S properties of the deep water overflowing the
Greenland‐Scotland Ridge through the channels, potentially
affecting large‐scale ocean circulation.

8.5. Summary

[61] Model results suggest that the internal tide in the FSC
is generated at multiple sites, including the Wyville
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Thomson Ridge and the Faroe slope. During the slope
mixing experiment on the West Shetland slope, the internal
tide energy flux was onshore, concentrated in the main
pycnocline, and sufficient to sustain high levels of mixing
where the pycnocline met the slope (Figure 13), even if the
majority of the energy was reflected. Nonlinear internal
wave trains propagated up the slope and may have been a
nonlinear manifestation of the internal tide. During energetic
periods the wave trains were likely to have caused more
mixing on the slope than the linear internal tide.

Appendix A: Thorpe Scale Analysis

[62] TKE dissipation rate (�) and diapycnal eddy diffu-
sivity (�r) are inferred from the CTD data using Thorpe
scale analysis [Thorpe, 1977]. The potential density samples
in each profile are reordered so that the profiles are statically
stable. The vertical distance the samples are moved during
the reordering process is the Thorpe displacement and the
Thorpe scale (LT) is the RMS Thorpe displacement over
each complete overturn.
[63] TKE dissipation rate is then estimated by relating the

Ozmidov scale, LO = (�/N3)1/2 [Ozmidov, 1965], to the
Thorpe scale by the empirical relation LO = 0.8 LT [Dillon,
1982], giving

� ¼ 0:64LT
2N 3; ðA1Þ

where N is the buoyancy frequency over the depth range of
the overturn. Diapycnal eddy diffusivity is related to TKE
dissipation rate by �r = G�/N2 [Osborn, 1980], so can be
estimated from LT using the relation

�� ’ 0:1LT
2N ; ðA2Þ

assuming a mixing efficiency of 0.2 [Oakey, 1982].

[64] The Thorpe displacement resolution of the CTD is
calculated following Stansfield et al. [2001] and is depth
dependent, varying in part with the background density
gradient. In the main pycnocline and seasonal thermocline,
where N2 > 3.5 × 10−5 s−2, the length scale of the smallest
resolvable overturns is determined by the depth resolution of
the instrument (0.11 m). Elsewhere in the water column,
where the density gradient is small, density resolution
(0.0004 kg m−3) limits overturn resolution to as long as
1.3 m (Figure 11a). Thorpe scales shorter than the resolution
limit are disregarded because they are likely to be dominated
by instrument noise.
[65] The problems associated with ship heave were min-

imized by first removing pressure reversals, then flagging
sections of casts with frequent pressure reversals or rapid
changes in descent rate. Approximately 20% of the obser-
vational record was removed as a result. Differences
between the temperature and conductivity sensor response
times and the thermal lag of the conductivity cell were
corrected for during processing [Lueck and Picklo, 1990;
Morison et al., 1994].
[66] In order to determine if density inversions are real

turbulent overturns rather than instrument noise, a “run‐
length” test is applied to each overturn [Galbraith and Kelley,
1996]. Run length (n) is the number of sequential Thorpe
displacements of the same sign. An overturn is assumed real if
the RMS run length through the overturning region is longer
than the RMS run length expected for a random uncorrelated
time series, (

P∞
1 2

−nn2)1/2 =
ffiffiffi
6

p
, following Timmermans et al.

[2003]. In strongly stratified regions, where the noise
amplitude is comparable to the average density difference
between consecutive measurements, the expected RMS run
length has been shown to be shorter than

ffiffiffi
6

p
[Johnson and

Garrett, 2004]. As a result, this method may reject some
small, but real, turbulent overturns in the main pycnocline,
potentially overestimating LT.
[67] The Thorpe scale is calculated for each overturn that

passes the run length test then � and �r inferred from relations
(A1) and (A2). For each of the 25 casts at the repeat station,
LT, N, �, and �r are averaged in 50 m vertical bins. The time
average and standard error (standard deviation divided by the
square root of the number of casts) are then calculated for
each bin (Figure 11). Other uncertainties in the calculation of
� and �r arise from the accuracy of the CTD and variability in
the empirical constants. Including these additional sources of
error, � can be estimated within a factor of 3 and �r within a
factor of 4 [Fer et al., 2004].
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